Hormones can transmit signals through adenosine 3ʹ,5ʹ-monophosphate (cAMP) to precise intracellular locations. The fidelity of these responses relies on the activation of localized protein kinase A (PKA) holoenzymes. Association of PKA regulatory type II (RII) subunits with A-kinase-anchoring proteins (AKAPs) confers location, and catalytic (C) subunits phosphorylate substrates. Single-particle electron microscopy demonstrated that AKAP79 constrains RII-C subassemblies within 150 to 250 angstroms of its targets. Native mass spectrometry established that these macromolecular assemblies incorporated stoichiometric amounts of cAMP. Chemical-biology-and live cell-imaging techniques revealed that catalytically active PKA holoenzymes remained intact within the cytoplasm. These findings indicate that the parameters of anchored PKA holoenzyme action are much more restricted than originally anticipated.
C lassical in vitro biochemistry and elegant structural studies have led to a commonly held view that the active protein kinase A (PKA) catalytic (C) subunit dissociates from the regulatory subunit dimer in the presence of excess adenosine 3′,5′-monophosphate (cAMP) (1) (2) (3) . Yet the utility of this rudimentary mechanism inside cells remains unclear (4). Singleparticle negative-stain electron microscopy (EM) analysis of A-kinase-anchoring protein 79 with PKA (AKAP79:PKA) holoenzyme complexes of AKAP79, the regulatory II (RII) subunit, and the C subunit (AKAP79:2RII:2C) detected a range of conformationally distinct species (Fig. 1 , A to D, and fig. S1 ). A set of~14,000 particles was subjected to reference-free two-dimensional (2D) classification using RELION (5) . Poorly aligned classes were discarded over multiple iterations to reveal an ensemble of three-lobed assemblies in which the peripheral densities are observed at different distances from each other. These range from 150 Å in the compact configuration to 250 Å in the extended conformation (Fig. 1E) . The tandem peripheral lobes represent the C subunit in complex with the cAMP-binding domains of RII (6) , whereas the central density represents the AKAP-RII dimer interface (Fig. 1E) . Thus, AKAP79 constrains each subassembly of regulatory and C subunits to within 250 Å of substrates. We surmise that the restricted movement of the anchored C subunit in this configuration augments phosphorylation of local substrates that are either interacting with the AKAP (Fig. 1F ) or in proximity to the peripheral lobes of the extended PKA holoenzyme (Fig. 1G ).
An implication of our structural model is that, although local cAMP production stimulates kinase activity, AKAP79:2RII:2C assemblies can remain intact. Native mass spectrometry (MS) allows the measurement of molecular mass and is used to determine the stoichiometry of intact protein complexes in the gas phase (7) (8) (9) . In the presence of cAMP, which copurifies with RII, we observed higher-order complexes, including the intact 2RII:2C PKA holoenzyme and the pentameric AKAP79:2RII:2C assembly (Fig. 1H, fig. S1 , and tables S1 and S2). From these experiments, we infer a minimal disruption of the AKAP-PKA architecture even in the presence of cAMP.
To address the relative stability of the pentameric AKAP79:2RII:2C assembly in the presence of elevated cAMP, we performed pull-down experiments with a fragment of the anchoring protein AKAP79 . Retention of anchored C subunits in the presence of increasing concentrations of cAMP was assessed by quantification of Coomassie blue-stained protein ( Fig. 1I and inset) . At physiological concentrations of cAMP (1 to 2 mM) most of the C subunit (~70 to 80%) remained associated with the AKAP79 297-427 -RII complex ( Fig. 1I and  inset) . Substantial release of the C subunit was only evident at supraphysiological levels of cAMP ( Fig. 1I ; 10 to 90 mM), and no change in binding of RII to AKAP79 297-427 was observed. In control experiments, 5′-AMP (100 mM), a degradation product of cAMP, did not alter anchored holoenzyme composition (Fig. 1I) . Thus, physiological amounts of cAMP promote minimal release of the C subunit from the anchored holoenzyme in vitro.
Additional studies used high-resolution native MS to evaluate cAMP occupancy in PKA holoenzyme complexes. At basal cAMP concentrations, multiple charge states of 2RII:C subcomplexes were observed between mass/charge ratios of 5700 and 6300. These species preferentially contained two, but up to four, molecules of cAMP ( fig. S1 ). When analysis was done at higher concentrations of cAMP (5 mM), the predominant species exhibited cyclic nucleotide occupancy of 4 mol per RII dimer (fig.  S1 and table S3) . Notably, the C subunit remained attached under these conditions ( fig. S1 ). Thus, we can conclude that a substantial proportion of the PKA C subunit remained associated with the AKAP79 -RII dimer when cAMP-binding sites were occupied.
For a more stringent in situ test, we monitored the integrity of cellular AKAP-PKA complexes in response to ligand activation. AKAP79 or AKAP18g complexes were immunoprecipitated from cell lysates prepared after stimulation of cells with the b-adrenergic agonist isoproterenol (Iso, 1 mM). Immunoblot analysis detected equivalent amounts of C subunit in samples from cells stimulated with isoproterenol or vehicle control (Fig. 2, A and B, top, lane 2). Local cAMP flux is controlled through a balance of second-messenger production by adenylyl cyclases and degradation by phosphodiesterases (PDEs) (10) . Cells were stimulated with isoproterenol in the presence of the general PDE inhibitor 3-isobutyl-1-methylxanthine (IBMX), the selective PDE3 inhibitor milrinone, or the PDE4-specific inhibitor rolipram (11, 12) . The composition of AKAP79-PKA complexes was assessed by immunoblot. Intact complexes were detected in control and Iso-treated samples (Fig. 2C, lanes 1 and  2) . Inclusion of rolipram promoted full dissociation of the C subunit (Fig. 2C, lane 3) . Likewise, application of IBMX induced release of the C subunit from AKAP complexes (Fig. 2C, lane 5) . In contrast, inclusion of milrinone had little effect, indicating that PDE3 is nonfunctional in these AKAP79-PKA microdomains (Fig. 2C, lane 4) . Kinase activation was monitored by immunoblot detection of phospho-PKA substrates (Fig. 2C , bottom panel). Similar findings were obtained upon analysis of AKAP18g complexes and when prostaglandin E1 (PGE 1 ) or epinephrine was used as an agonist ( fig. S2 ). Treatment with rolipram alone did not activate PKA or release C subunits (Fig. 2C, lane 6) . Thus, native production of cAMP in response to physiological effectors of GPCR signaling appears not to promote C subunit release from anchored PKA holoenzymes.
Förster resonance energy transfer (FRET) was used to investigate PKA holoenzyme composition in real time (13) . Initially, we used RII conjugated to cyan fluorescent protein (RII-CFP) and the C subunit conjugated to yellow fluorescent protein (C-YFP) as intermolecular FRET probes to monitor the integrity of the PKA holoenzyme after agonist stimulation of cells (Fig. 2D) . Isoproterenol promoted minimal change in the CFP/ YFP FRET ratio over time courses of 400 s (Fig.  2 , E and H, black), consistent with negligible dissociation of the PKA holoenzyme. In contrast, preincubation of cells with rolipram before stimulation with b-adrenergic agonist triggered a pronounced and time-dependent reduction in the FRET ratio (Fig. 2, F and H, red) . Thus, dissociation of the PKA holoenzyme only occurred if cAMP accumulated to supraphysiological concentrations. Pretreatment of cells with the PDE3 inhibitor milrinone had little effect on the FRET response (Fig. 2 , G and H, gray). Comparable FRET recordings were obtained when PGE 1 was used as the agonist ( fig. S2 ).
The ICUE3 FRET biosensor detects agonistresponsive accumulation of cAMP ( Fig. 2I) (14) . Stimulation of cells with isoproterenol or PGE 1 promoted transient increases in the FRET signal (Fig. 2J, black, and fig. S2 ). This response was enhanced by addition of rolipram (Fig. 2J , red, and fig. S2 ). However, the highest amounts of cAMP production (15 times physiological levels) were recorded upon application of forskolin, a direct activator of adenylyl cyclases and a common tool in cAMP research (Fig. 2J, blue) . Thus, forskolin sustains supraphysiological accumulation of cAMP to concentrations far above those induced by b-agonists.
We investigated the effect of recurrent stimulation of cAMP synthesis on PKA holoenzyme integrity with the same biosensors. After an initial pulse of isoproterenol, the drug was washed out for 500 s before application of a second stimulus ( S2 ). Using the ICUE3 biosensor, we demonstrated that isoproterenol induces a transient rise in the cellular concentration of cAMP that approaches baseline during washout (Fig. 2L, black) . A second application of agonist then initiates another round of cAMP production. In contrast, costimulation with rolipram produces two additive phases of intracellular cAMP accumulation (Fig. 2L,  red) . Collectively these experiments demonstrate that PDE4 modulates cAMP microdomains surrounding anchored and intact PKA holoenzymes Proximity ligation assays (PLA) detect endogenous protein-protein interactions that occur within 40 to 60 nm (15) . Unstimulated and agonist-treated human embryonic kidney (HEK) 293 cells (HEK293 cells) were fixed, stained with antibodies to RII and C subunits, and subjected to the PLA amplification protocol before imaging of PLA puncta ( fig. S2 ). Image intensity profiling of PLA puncta showed the distribution of intact PKA holoenzymes (Fig. 2, M to O) . The number of the puncta per cell indicated the extent of RII-C interactions under each experimental condition (Fig. 2P) . Treatment with isoproterenol did not appreciably change the PLA signal as compared with unstimulated control cells (Fig. 2, M , N, and P). In contrast, treatment of cells with isoproterenol and rolipram reduced the number and intensity of PLA puncta (Fig. 2, O and P) . Immunoblot detection of endogenous RII and C in HEK293 cell lysates confirmed the same trend ( fig. S2) . Thus, physiological agonists that mobilize cAMP signaling promote very little dissociation of native PKA holoenzymes inside cells.
To test whether covalent coupling of RII to the C subunit would alter PKA action inside cells, we generated a construct that encodes RIIa and Ca in one polypeptide, creating a nondissociable PKA fusion enzyme designated "R2C2" (Fig. 3A) . To exploit this tool in a simplified genetic background, we used CRISPR-Cas9 editing to disrupt the PRKAR2A, PRKAR2B, and PRKACA genes in U2OS human osteosarcoma cells [triple-knockout (KO) U2OS R2A/R2B/CA ]. Loss of protein expression due to gene-editing was confirmed by immunoblot (Fig. 3B, lane 2, top three panels) . Rescue upon expression of R2C2 was confirmed by immunoblot (Fig. 3C, top, lane 3) . Activity profiling using the phospho-PKA substrates antibody confirmed that isoproterenol-responsive PKA activation was reduced to baseline levels in triple-KO U2OS R2A/R2B/CA cells ( fig. S3) .
Related studies used rapamycin-regulated heterodimerization to "pharmacologically lock" FRB domain-tagged C subunits (C-FRB) to FK506-binding protein domain-tagged RII dimers (RII-FKBP) in the context of the AKAP18 complex. In this system, the small molecule rapamycin bridges the tagged proteins to maintain a stable complex (Fig. 3D) . Immunoblot analyses of AKAP18 immune complexes from cells expressing RII-FKBP and C-FRB revealed that both proteins were associated after stimulation of cells with isoproterenol in the absence of rapamycin (Fig. 3E, top, lane 2) . In keeping with earlier results, administration of isoproterenol and rolipram together caused supraphysiological accumulation of cAMP and abolished this interaction (Fig. 3E, top, lane 3) . Conversely, application of rapamycin locks the C-FRB/RII-FKBP subcomplex together, even when cells are treated with isoproterenol plus rolipram (Fig. 3E, top, lane 6) .
We next used A-kinase activity reporter 4 (AKAR4) biosensors that measure PKA activity by changes in FRET to assess how compartmentalization affects free and pharmacologically locked PKA activity (Fig. 3F) http://science.sciencemag.org/ robust (Fig. 3G, orange) , even after pharmacological locking of this modified PKA holoenzyme with rapamycin (Fig. 3G, blue) . Isoproterenol treatment of cells in the presence of rolipram has no additional effect ( fig. S3 ). Consequently, cytoplasmic PKA signaling is sustained when the C subunit and the RII dimer are chemically constrained.
Further studies with the AKAR4 biosensor and engineered PKA holoenzymes investigated the dynamics of cytoplasmic kinase activity. Rapid increases in cytoplasmic FRET responses were recorded in U2OS R2A/R2B/CA cells rescued with murine RIIa and Ca (Fig. 3, H and I, orange) . Cells expressing the R2C2 fusion protein generated Smith isoproterenol responses of similar magnitude and duration (Fig. 3, H and I, green) . There was no detectable FRET response to agonist stimulation in the U2OS R2A/R2B/CA deletion background or in cells expressing a catalytically inactive mutant of the RII-C fusion (R2C2 K72A ) (Fig. 3I,  gray, and fig. S3 ). Thus, covalent coupling of the PKA subunits does not impair cAMP signaling in the cytoplasm and can reconstitute endogenous kinase activity.
As a further control, we monitored nuclear PKA activity in both wild-type (WT) U2OS and U2OS
R2A/R2B/CA cells using AKAR4 NLS (16) . Nuclear FRET responses were slow and required supraphysiological accumulation of cAMP after stimulation of adenylyl cyclases with 20 mM forskolin in the presence of 3-isobutyl-1-methylxanthine (IBMX) for 30 min (Fig. 3, J and K, and fig. S3 ). Under these extreme conditions, rescue with murine RIIa and Ca resulted in a gradual increase in FRET over 15 min (Fig. 3, J and K, orange) . In contrast, cells expressing R2C2 showed greatly diminished nuclear FRET responses (Fig. 3, J and K, green). Together, these results demonstrate that cytoplasmic activation of PKA is a rapid event, whereas nuclear signaling requires persistent and supraphysiological accumulation of cAMP.
Mammalian cells express four regulatory subunits and two C subunits of PKA (17) . CRISPR/Cas gene editing of the PRKACB gene on a U2OS
R2A/R2B/CA deletion background was consistently unsuccessful; this suggests that ablation of both catalytic genes is a lethal event. Yet quadruple-KO U2OS R2A/R2B/CA/CB cells survived and proliferated when gene editing was performed in cells stably expressing murine R2C2 (Fig. 3L and fig. S3 ). Thus, genetically engineered cells expressing a single copy of fused PKA are viable and respond normally to physiological stimuli that mobilize the cAMP-signaling pathway. Because intact and active PKA holoenzymes operate within a radius of 150 to 250 Å of their substrates (Fig. 1), compartmentalization by AKAPs is the critical determinant of PKAsubstrate selectivity.
An implication of this finding is that kinase inhibitor drugs operate within the confines of these AKAP nanocompartments. As proof of concept, we generated an analog-sensitive form of R2C2 that is exclusively modulated by the cellpermeable kinase inhibitor 1-napthylmethyl-PP1 (1-NM-PP1) (Fig. 4A) (18, 19) . Engineering this pharmacologically tractable and fused form of PKA was achieved by replacing the gatekeeper methionine in the catalytic moiety of R2C2 with alanine (M120A). In situ characterization of this synthetic analog-sensitive kinase in U2OS R2A/R2B/CA cells was achieved by using an AKAP-derived PKA-activity reporter (AKAP18 RBS -AKAR4) (Fig. 4B) . In cells expressing wild-type R2C2, isoproterenol (1 mM) stimulation induced a FRET response within 10 s that was refractory to 1-NM-PP1 (Fig. 4C,  green) . The rate and magnitude of the FRET response was attenuated in cells expressing R2C2 Smith http://science.sciencemag.org/ M120A, a common property of analog-sensitive kinases (19) . However, application of 1-NM-PP1 (2 mM) to these cells reduced the FRET signal to baseline, which indicated strong inhibition of the analog-sensitive kinase (Fig. 4C, blue) . Thus, 1-NM-PP1 is an efficient inhibitor of R2C2 M120A in situ. We used this chemically controllable form of fused PKA to examine phosphorylation of local extra-nuclear substrates. The mitochondrial anchoring protein D-AKAP-1 sequesters PKA at mitochondria to regulate phosphorylation of the proapoptotic protein BAD (Fig. 4D) (20) . PKA phosphorylation of BAD Ser 155 blocks apoptosis through a mechanism involving recruitment of 14-3-3 proteins to suppress programmed cell death (Fig. 4D) (21-23) . BAD phosphorylation on Ser 155 was robustly stimulated by isoproterenol in WT U2OS cells, and this effect was blunted in triple-KO cells ( fig. S4 ). Confocal imaging confirmed that D-AKAP-1 and BAD are detected at mitochondria ( fig. S4 ), whereas PLAs detected puncta that are indicative of an interaction between these two proteins ( fig. S4 ). In triple-KO cells expressing the R2C2 WT and R2C2 M120A mutants, immunoblot analysis confirmed that these modified kinases effectively phosphorylated BAD Ser 155 after treatment of cells with isoproterenol (Fig. 4E, top, lanes 1 to 4) . Control immunoblots monitored the expression of the PKA fusion enzymes, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as loading controls (Fig. 4E, middle and bottom) . Application of 1-NM-PP1 (2 mM) inhibited the activity of R2C2 M120A and blocked phosphorylation of BAD Ser 155 (Fig. 4E, top, lane 6) . Normalized BAD pSer 155 data from three independent experiments is presented in Fig. 4F . With this tool, we could test whether local activation of PKA is inhibitory toward apoptosis.
We induced apoptosis in triple-KO cells expressing R2C2 M120A by treatment with the chemotoxic agent etoposide (Fig. 4, G and H) (24) . Cell death was assessed as accumulation of a fluorescent product of caspase 3-or 7-mediated proteolysis (Fig. 4G, green) and nuclear condensation observed upon staining DNA with 4′,6-diamidino-2-phenylindole (DAPI) (magenta in Fig. 4G ). Unstimulated cells exhibit low levels of apoptosis (Fig. 4G, left, and Fig. 4H ). Etoposide treatment promotes cell death (Fig. 4G , left, middle, and Fig. 4H ). Stimulation of R2C2 activity with b-adrenergic receptor agonists (Iso and formoterol) was protective, as it substantially reduced the apoptotic index (Fig. 4G , middle right, and Fig. 4H ). Application of 1-NM-PP1 blocked this protective effect (Fig. 4G, right, and Fig. 4H, blue) . Thus, fused RII and C subunits can substitute for endogenous PKA in the modulation of local cellular events.
Contrary to current dogma, our results show that even in the presence of cAMP, anchored PKA holoenzymes remain intact and proximal to anchoring sites and substrates. In addition fusion of the kinase moiety to RII supports cAMP signaling in diverse cellular contexts. These results highlight protein-protein interactions between AKAPs and PKA as the primary determent for the substrate specificity of this broad-spectrum kinase. We also shed light on another interesting facet of PKA physiology. Of the 545 genes in the human kinome, only one other protein kinase, CK2, forms a tetrameric holoenzyme (25) . Our evidence that autoinhibitory and anchoring functions are provided by the constitutively associated RII dimer implies that PKA is more aligned with other members of the kinase superfamily than originally considered. Smith Finally, because AKAP79 constrains intact and catalytically active PKA within 150 to 250 Å, we propose that the range of anchored PKA action is restricted to substrates within the immediate vicinity (Fig. 1, F and G) . This "signaling island" concept radically changes our view of how AKAP complexes operate and indicates that protein phosphorylation is much more regionally confined than previously appreciated (26) (27) (28) (29) . Another prerequisite for this new model is that the location of these active zones must coincide with microdomains where cAMP concentrations fluctuate and when substrates are available (10, 30) . One exception may be PKA action in the nucleus, where cAMP responsive transcriptional events proceed through the phosphorylation of cAMP response element-binding protein (CREB) (31, 32) . Nonetheless, this intricate molecular architecture helps explain how common signaling components are assembled to elicit distinct, rapid, and transient endocrine responses.
